1. Introduction {#sec1}
===============

Noble metal nanoparticle synthesis, Ag, Pt, Au, and Pd in particular, are extensively studied in the last decade, due to their peculiar characteristics for applications in catalysis, photothermal therapy, water purification, pharmaceutical formulation, electronics, optics, environmental, drug delivery, and biotechnology \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7]\].

Most recently, green synthesis methods using plants and microorganisms including bacteria, fungi, algae, and the like have attracted tremendous attention. By using plant extracts (PE), metal nanoparticles have the most immense implications for synthesizing nanoparticles with big scale and without additional impurities in order to minimize hazardous solvents, and reduce agents and stabilizers additionally to develop environmentally benign technologies in material synthesis \[[@bib8], [@bib9], [@bib10], [@bib11]\]. Accessibility and safety which can contribute to the reduction of silver ions are regarded as the main advantages of extracting plant for synthesizing silver nanoparticles \[[@bib12], [@bib13], [@bib14], [@bib15], [@bib16]\].

Over the last decade, silver nanoparticles have long been recognized for their antibacterial \[[@bib17], [@bib18], [@bib19]\] properties in the medical industry and inhibitory effects on microbes, such as topical ointments to prevent from infecting against burned and open wounds \[[@bib20], [@bib21], [@bib22]\].

*Carya illinoinensis*, which is recognized as pecan, is common in North America and Mexico and is related to the Juglandaceae family \[[@bib23], [@bib24], [@bib25]\] ([Figure 1](#fig1){ref-type="fig"}). In folk medicine, the leaves of pecan are usually utilized for treating smoking as a hypoglycemic, cleansing, astringent, keratolytic, antioxidant, antimicrobial, as well as carminative agent \[[@bib26], [@bib27]\]. Unlike pecan nut and kernel, few studies have been conducted regarding the phytochemicals and antioxidant properties of pecan leaves \[[@bib28]\]. According to previous works, pecan is of a great importance among the foods due to having the highest bioactive molecules such as sterols, tocopherols, and a high content of total phenolic compounds with a variety of health-beneficial properties. However, there is few report on phytochemical compositions of pecan\'s leaves in literature, it seems the phenolic acids, flavonoids and tannins in the leaves of *C. illinoensis*, revealed by HPLC, might be responsible for the antimicrobial activity the of pecan\'s leaf \[[@bib29], [@bib30], [@bib31]\]. To the best of our knowledge, no information is available for the synthesis of Ag NPs using pecan and kernel as well.Figure 1Image of *Carya illinoinensis* leaf.Figure 1

The present study aimed to use the *Carya illinoinensis* extract in a green synthesis of silver nanoparticles, and evaluate the antibacterial activities related to extracted leaves and synthesized AgNPs.

2. Materials and methods {#sec2}
========================

Methanol (CH3OH, 99.9%), AgNO3 (99.98%), nutrient agar and Mueller-Hinton agar (MHA) were purchased from Merck (Germany). Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 27853) and Listeria monocytogenes (ATCC 7644) were obatained from Iranian Research Organization for Science and Technology (IROST).

2.1. Plant material and preparation of the extract {#sec2.1}
--------------------------------------------------

Mature leaves of *Carya illinoinensis* were collected in May 2019 from Golestan agricultural resources research and education center, Gorgan, (center of Golestan province, Iran). The leave surface was completely cleaned with distilled water, and was dried in the shade at room temperature. In order to prepare of pecan leaf extract, 30 g of the dried and powdered plant materials was extracted with 100 ml methanol (ratio 1:10 w/v) by implementing percolation method at the room temperature for 24 h. Subsequently, the extract was filtered with Whatman filter paper No. 1 (Maidstone, UK) and the solvent was completely removed under vacuum at 40 °C using a rotary evaporator (Heidolph, Laborota 4000, Schwabach, Germany). The extract was kept in the dark at 4 °C with a maximum period of one week.

2.2. Synthesis of silver nanoparticles (AgNPs) {#sec2.2}
----------------------------------------------

90 ml of AgNO3 (0.01 M) was added to 10 ml of extract (10.0 mg mL−1/water) in a vessel \[[@bib32]\]. The reaction was conducted under a stirring rate of 700 rpm at 25 °C for 24 h. After completing, AgNPs were concentrated and purified by centrifugal ultrafiltration (Hermle, Labortechnik, Z 36 HK, Ger) for 15 min at 12000 rpm and rinsed with distilled water, acetone, and ethanol in order to eliminate the remaining soluble ions on the particle surface. Then, the pellet was re-dispersed using ultrasound in the sterile distilled water in order to ensure a better separation, and accordingly it was recentrifuged at 12000 rpm for 15 min. Finally, the purified pellets were placed on a petri plate and dried at 70 °C for 5 h.

2.3. Characterization {#sec2.3}
---------------------

UV--Vis Spectroscopy was conducted using a Unico S-2150 in 300--600 nm range. The configuration of the AgNPs was evaluated by measuring X-ray Diffraction (XRD) by using a powder X-ray diffractometer instrument (Panalytical X'PERT PRO) with a Ka1 Cu target and a graphite monochromator operating at the voltage of 35 kV and the current of 30 mA radiation. In addition, the morphology and size of the product were evaluated through implementing Scanning Electron Microscope (FEI ESEM QUANTA 200) and transmission electron microscopy (TEM), along with a Zeiss EM900 electron microscope, respectively. Further, the distributions of the particle size were determined by utilizing IMAGEJ2 (ImageJDev) software inspired by NIH image \[[@bib33]\]. Fourier transform infrared (FT-IR) spectra for *Carya illinoinensis* leaf extract powder and silver nanoparticles were recorded within the range of 4,000--400 cm−1 by using an IR-VERTEX-70 Bruker FT-IR spectrophotometer, by KBr pellet.

2.4. Antibacterial activity {#sec2.4}
---------------------------

### 2.4.1. Agar well diffusion method {#sec2.4.1}

The agar well diffusion method was applied to investigate antibacterial activities of methanol, extracts \[[@bib34]\] against 4 bacteria. For this purpose of concentrations of 40, 20, 10, and 5 μg/mL of the plant extracts were used to study the bacteria strains in disk diffusion. Besides, the concentrations of 20, 10, 5, and 2.5 μg/mL were employed to evaluate the antibacterial activities of AgNPs well as. First, 0.5 McFarland standard of bacteria was prepared. Then, Mueller-Hinton agar plates were seeded with a lawn of bacteria. By using of a cup-borer, well was prepared in the plates and 0.1 mL of 10^6^ cells per mL suspension of the tested microorganisms was pipetted in the well. The plates were placed at room temperature for 1 h in order to penetrate of extract or AgNPs into the agar. The Petri dishes were put in the refrigerator for 3 h and then incubated at 37 °C for 24 h. Gentamicin (16 μg/ml) and DMSO (%5) were prepared as positive and negative controls, respectively. These processes were repeated in triplicate and the inhibition zone diameter was measured in term of mm.

### **2.4.2**. The minimum inhibitory concentration (MIC) {#sec2.4.2}

The microdilution method was used for evaluating the minimum inhibitory concentration (MIC) \[[@bib35]\] of *Carya illinoinensis* leaf extract and synthesized AgNps on both Gram-negative and Gram-positive bacteria. All tests were conducted in nutrient broth, followed by mixing of extracs in 5% dimethylsulphoxide (DMSO). In addition, a serial doubling dilution of extracts and nanoparticles was prepared in a 96- well micro titer plate over the range of 7.8--1000 μg mL-1. In a typical experiement, the 96-well plates were made by dispensing 95 μL of nutrient broth and inocula into each well. In the next procedure, a 100 μL of aliquot was separately prepared from the stock solutions of the extracts and AgNPs at the concentration of 1000 μg mL-1 and were added into the first wells. Then, 100 μL from their serial dilutions was moved into seven consecutive wells. The last well included 195 μL of nutrient broth without any compound. Distilled water and 5% dimethylsulphoxide (DMSO) were used for controlling both positively and negatively, respectively. A sterile plate sealer was used for covering the plate. Further, the contents were mixed well on a plate shaker at 200 rpm for 40 s, and then incubated at suitable temperatures for 24 h. Bacterial growth was evaluated by absorbing at 620 nm and proved by plating 5 μL samples on nutrient agar medium from clear wells. Finally, the MIC was described as the lowest concentration of the extracts or NPs where the bacteria do not represent visible growth.

3. Results and discussion {#sec3}
=========================

3.1. UV-visible spectra of AgNPs {#sec3.1}
--------------------------------

There are different methods to confirm the preparation of nanoparticles, among which the color change of the colorless solution of AgNO3 to brown suspension of silver nanoparticles, as demonstrated in [Figure 2](#fig2){ref-type="fig"}.Figure 2Synthesis of AgNPs by using extract of *Carya illinoinensis*: a) Precursor solution of AgNO3, b) Extract of *Carya illinoinensis*, and c) Extract of *Carya illinoinensis* treated with AgNO3.Figure 2

The ultraviolet-visible (UV-Vis) spectra of the prepared solution were captured at different time intervals from 1 min up to 24 h, where distilled water was used as a blank. As illustrated in [Figure 3](#fig3){ref-type="fig"}, the absorbance peak was observed at 440 nm, which sharpened over time, starting a few minutes after reaction begin ([Figure 3](#fig3){ref-type="fig"}). Increase in the intensity is attributed to the excitation of surface plasmon resonance (SPR) in the AgNPs, in agreement with previous reports \[[@bib36], [@bib37]\], suggesting the reduction of silver nitrate into silver nanoparticles. Since the SPR absorbance relies heavily on the size, shape, and environment by which the nanoparticles are formed \[[@bib38]\], the plasmon bands are broad with an absorption tail in the longer wavelengths by increasing the concentration of AgNO3, indicating an enhancement in particle size distribution of the synthesized nanoparticles.Figure 3UV--visible spectra of AgNps at different time intervals.Figure 3

3.2. FTIR spectroscopy of AgNPs {#sec3.2}
-------------------------------

FTIR analysis was utilized for determining the organic functional groups like OH or C=O linked to the surface of nanoparticles. [Figure 4](#fig4){ref-type="fig"} displays the FTIR spectrum of *Carya illinoinensis* leaf extract and Ag NPs. The FTIR spectra of extracting *Carya illinoinensis* in [Figure 4](#fig4){ref-type="fig"}(a) demonstrates an absorption peak in 3378 cm−1, which is assigned as --OH stretching in alcohols and phenolic compounds with strong hydrogen bonds or resulted from stretching the --NH band of amino groups \[[@bib39]\]. The absorption peaks at about 2858 cm−1 and 2925 cm−1 can be related to aldehyde --CH stretching vibrations and the band at 1730 cm−1 can prove the presence of carbonyl group of an aldehyde. Further, the FTIR spectra of the extract indicated the bands of 1610, 1513, and 1452 cm−1 are recognized as a carbonyl (C=O) group of amide I and amide II \[[@bib40]\]. Furthermore, the absorption bands in the range of 1370-1055 cm−1 are related to C--O, C--N, and C--C stretching vibrations of phenolic compounds, aliphatic amines, and alkanes, respectively.Figure 4(a) FTIR spectrum of *Carya illinoinensis* extract, (b) FTIR spectrum of AgNPs.Figure 4

The FTIR of synthesized AgNO3 in [Figure 4](#fig4){ref-type="fig"}(b) demonstrated a slight change in position and intensity in the peaks. The displacement at 3412 cm-1 is related to the breakdown of the hydrogen bond, which plays a role in decreasing silver ions into silver nanoparticles. The nanoparticles consist of the compounds in the extract existing in a layer around the nanoparticles due to the similarity of spectral pattern for plant extract and nanoparticles \[[@bib41]\].

3.3. X-ray diffraction of AgNPs {#sec3.3}
-------------------------------

The prepared AgNPs were determined by X-ray diffraction (XRD) in order to evaluate its crystalline structure, size, and purity. [Figure 5](#fig5){ref-type="fig"} displays XRD patterns for AgNPs synthesized by *Carya illinoinensis* leaf extract. The diffraction peaks of 2θ = 38.4, 44.5, 64.8, 77.7, and 81.7 are related to 111, 200, 220, 311, and 222 crystallographic planes of face-centered cubic (fcc) structure for the silver powder sample, in agreement with (JCPDS file No. 04-0783) \[[@bib42]\]. The characteristic peak of the silver structure was reported by indicating the purity of synthesized silver nanoparticles without any additional diffraction peaks.Figure 5XRD pattern of AgNPs obtained using extract of *Carya illinoinensis*.Figure 5

3.4. SEM and TEM analysis {#sec3.4}
-------------------------

The morphology of green synthesized AgNPs was evaluated by SEM. Based on the SEM image in [Figure 6](#fig6){ref-type="fig"}, the metal particles were well-dispersed with a spherical shape. Thus, the optical and electronic features of metal nanoparticles are mostly influenced by the shape of nanoparticles \[[@bib43]\].Figure 6SEM micrograph images of AgNPs synthesized using Leaf extract of *Carya illinoinensis* with different magnifications (left 100 nm) and (right 500 nm).Figure 6

In addition to SEM analysis, TEM technique was implemented to demonstrate the size and shape related to AgNPs created by plant. [Figure 7](#fig7){ref-type="fig"} illustrates the typical TEM image and size distributions, along with the calculated histogram of AgNPs. Based on the results of the TEM image and the size distributions, the mean diameters and standard deviation of AgNPs were 20.34 ± 1.69 nm. The number of AgNPs in the TEM image was around 100 nm. Further, the synthesized silver nanoparticles were measured in different sizes ranged 12--30 nm. According to TEM image taken at 20 nm, It is observed that nanoparticles were spherical along with the layer and contain two separate parts in nature and different in color. The dark part of the color represents the nanoparticles and the lighter part (less darkness) forms the attached or sticking layer. Based on the scale inserted the figure, It was found out that the nanoparticles thickness which covered by an extract layer is 20 nm in diameter. The other pale spots around them are extracted not nanoparticles which are scattered in the matrix (green circles) and they should not be consider for estimating the size of nanoparticles containing a layer of extract. Therefore, according to yellow lines in the image, the average thickness of the adhesive layers on the nanoparticles is about 10 nm. Finally, based in the TEM images, the particles are rather fine and spherically shaped.Figure 7TEM images (a, b), the thickness (a) and size distributions (c) of AgNPs synthesized using Leaf extract of *Carya illinoinensis*.Figure 7

3.5. Antimicrobial activities of AgNPs and extract {#sec3.5}
--------------------------------------------------

The antibacterial activity of *Carya illinoinensis* leaves extract and Ag nanoparticles produced from this plant were evaluated against Gram-positive bacteria namely, S. aureus (ATCC 25923) and L. monocytogenes (ATCC 7644), and Gram-negative bacteria E. coli (ATCC 25922) and P. aeruginosa (ATCC 27853) using agar well diffusion ([Figure 8](#fig8){ref-type="fig"}) and minimum inhibitory concentration and the results were shown in [Table 1](#tbl1){ref-type="table"} and [Table 2](#tbl2){ref-type="table"}, respectively. As shown in Tables, synthesized AgNps are more effective against negatively charged bacterial cell, compared to the positively charged bacterial cell in both methods. These results were the agreement with previous reports \[[@bib28], [@bib44], [@bib45], [@bib46]\], while there were some works shown that the formed Ag NPs using plant extract were more toxic against positive pathogens compared with negative one \[[@bib47]\].Figure 8Antibacterial activity of silver nanoparticles against S. aureus, E. coli, L. monocytogenes, and P. aeruginosa, in different concentrations, a, b, c, and d (AgNPs), e, f, g, and h (plant extract).Figure 8Table 1Inhibition zone diameter (IZD) of AgNPs and plant extract in four concentrations.Table 1IZD of Extract (DD)[a](#tbl1fna){ref-type="table-fn"}IZD of AgNPs (DD)[a](#tbl1fna){ref-type="table-fn"}Concentration (mg/ml)4020105201052.5staphylococcus aureus\
(ATCC 25923)6\-\--111097Listeria monocytogenes (ATCC 7644)5\-\--1211108Escherichia coli\
(ATCC 25922)9\-\--15131210Pseudomonas aeruginosa (ATCC 27853)7\-\--1311109[^1][^2]Table 2MIC of AgNPs and plant extract.Table 2BacteriaMIC AgNPs (μg/ml)MIC leaf extract (μg/ml)Staphylococcus aureus (ATCC 25923)128875Listeria monocytogenes (ATCC 7644)643500Escherichia coli (ATCC 25922)16218Pseudomonas aeruginosa (ATCC 27853)321750

According to [Table 1](#tbl1){ref-type="table"}, by increasing in concentration of AgNPs and plant extract, the inhibition zone diameter also increased. In case of plant extract, by decreasing in concentrations, no inhibitory was observed. It might be that the AgNPs had better penetration through the agar and consequently into cell bacteria than the plant extract due to the small size of nano particles \[[@bib48]\]. The highest inhibition zone diameter (IZD) was achieved for E. coli (9 mm and 15 mm) for extract and AgNPs, respectively.

The lowest MIC value (16 μg mL^-1^) was achieved for E. coli, demonstrating that the AgNPs has the maximum toxicity to this microorganism. P. aeruginosa is another sensitive Gram-negative microorganism against the silver nanoparticles which its MIC value was 32 μg mL^-1^. However, *two* Gram-positive bacteria, L. monocytogenes and S. aureus, *were* treated with a higher dose of AgNps for MIC (64 μg mL^-1^ and 128 μg mL^-1^).

Although, the mechanism of the bactericidal effect of silver and AgNPs is not well documented, several studies suggested that AgNPs may be attached to the surface of the cell wall and membrane of the bacterial cell, and can inhibit the respiratory enzymes of bacterial \[[@bib49], [@bib50]\].

Regarding E. coli, the activity improvement of nano silver particles may be related to the inhibition of phosphate absorption, as well as penetrating nanoparticles into the cell wall of bacteria leading to the structural changes to cell death. Silver particles have high tendency to sulfur and phosphorus which are founded enormously in the cell membrane of bacteria \[[@bib51], [@bib52], [@bib53]\]. Further, S. aureus and L. monocytogenes prevented from penetrating silver ions in the cytoplasm due to a cell wall including thicker peptidoglycan. Therefore, higher concentration of AgNps was essential for growth inhibition of S. aureus and L. monocytogenes compared to E. coli and P. aeruginosa \[[@bib54]\]. Smaller AgNPs can give more bactericidal effect than the larger AgNPs due to the large surface area available for interaction and easier absorption \[[@bib55]\].

In addition to synthesized AgNPs, the antibacterial activity of leaf extract was tested against four mentioned microorganisms. The results indicated that silver nanoparticles have considerably more antibacterial effect compared to leaf extract of the plant. According to results, the lowest MIC values of plant extract obtained for E. coli (128 μg mL^-1^) and S. aureus (875 μg mL^-1^), exhibited they were generally more sensitive against leaf extract while the data demonstrated that two pathogens, Listeria monocytogenes and Pseudomonas aeruginosa, were more resistant strains to leaf extract (3500 μg mL^-1^ and 1750 μg mL^-1^) respectively. Based on the literature, different values in MIC of leaf extracts may relate to variation in their chemical compositions and the components which have volatile nature that lead to various mechanisms for antimicrobial activities of leaf extracts on the pathogenic microorganisms \[[@bib56]\].

4. Conclusion {#sec4}
=============

The present study proposes an eco-friendly, fast and convenient green route for synthesizing AgNPs through implementing *Carya illinoinensis* leaf extract at ambient temperature. Initially, the observation of changing in color of Ag + solution form colorless to dark brown confirmed the formation of AgNPs. The SPR peak was observed at 440 nm in the UV-Vis spectrum. The morphology and chemical composition of the silver nanoparticles were determined by different techniques such as UV-Vis, FTIR, XRD, SEM, and TEM. In addition, the antibacterial activities of both leaf extract and nanoparticles synthesized by this plant were evaluated against four microorganisms by using agar well diffusion and the MIC methods. The experimental results indicated that the silver nanoparticles had considerably more antibacterial effects in comparison to leaf extract although their antibacterial actions were not recognized well. Further, the results suggesting the synthesized nano silvers are more effective to gram-negative than gram-positive and they have antibacterial activities at low concentrations. Thus, the use of a rapid and green synthetic method for extracting plants in this study may potentially suggest the use of such nanoparticles in the future drug development and food industry.
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[^1]: A dash (--) indicate no antibacterial activity.

[^2]: Diameter of inhibition zone including disc diameter of 6 (mm).
